The aim of this paper is to review the radiological evaluation of thyroid nodules detected with ultrasonography (US), thoroughly and in harmony with the clinical-endocrinological-surgical management. In this review, we tried to summarize the radiological evaluation of nodules detected in the thyroid in compliance with recently published and accepted guidelines, including the most advanced sonographic protocols, emphasizing the indications of crosssectional imaging when needed. In this review important aspects were demonstrated with tables, illustrations and take-home points and technical aspects were emphasized with images and diagrams. We believe that this review, which is concluded with an extensive summary with the support of most recent sources, is an up-to-date and comprehensive evaluation of the broad spectrum of thyroid nodule radiology. We think that the management of any kind of nodule that can be encountered during the US examination can be done successfully by going through the paths described in the pictures, tables and texts in this article.
thyroid gland in as much as 10% of the subjects [1] .
Routine USG screening for thyroid nodules is not recommended. A thyroid US examination would be appropriate in people with positive findings in physical examination or check-ups (thyroid nodule, painless cervical lymphadenopathy, abnormal thyroid stimulating hormone (TSH) values, etc.) and people with certain risk factors [2] . The radiological and clinical characteristics that increase the risk of malignancy of thyroid nodules are listed in Table 1 .
The aim in thyroid imaging is to localize the thyroid gland, and to reveal the anatomy with the size and the contours. After ruling out a parenchymal disease, the presence of a nodule should be assessed. Nodules that are having malignant criteria should be detected and then differential diagnosis regarding the malignancy of the nodules should be assessed according to the clinical-laboratory-radiological properties. Today, nodules are categorized according to their malignancy risk using the thyroid imaging reporting and data system (TIRADS) classification. Nowadays, multi-parametric protocols are being used in nodule US and the decisions for follow-up or further evaluation protocols are based on the malignancy risk obtained from these multi-parametric protocols. Beside thyroid gland examination, radiological evaluation and mapping of cervical lymph nodes is essential during same examination session. Imaging of the complications and residual/recurrent changes in early and late postoperative period and after medical treatment has gained importance. Next generation imaging modalities like molecular tests are about to hit the market and developments in thyroid nodules should be followed closely. In this manner our review has been prepared as an update for the radiological approach to thyroid nodules and a summary guideline for the reader as coverage.
The Sensitivity and the Utilization of the Imaging Modalities for Thyroid Nodules
Modalities and short explanations are summarized in Table 2 . The sensitivities and specificities differ among the modalities. As a beginning the prevalence of nodule detection in thyroid with physical examination is reported to be between 2% and 6% in the literature while the prevalence increases to 34% -50% with ultrasonography and to 49% -60% in autopsy series [3] .
Scintigraphy is no longer used in clinical practice in differentiating malignant and benign nodules as 5% of the malignant nodules can appear "hot" and 20% of the benign nodules can appear "cold" in scintigraphy [4] .
Differentiation of diffuse parenchymal diseases as Graves' disease or Hashimoto's thyroiditis can be very easy with scintigraphy. Scintigraphy is also useful in differentiating benign and malign thyroid nodules (Table 3) . On the other hand, scintigraphic evaluation of thyroid nodules might prevent radioactive iodine treatment for 2 -3 months [5] 
Evaluation of Thyroid Nodules with MRI and PET/CT
Sectional examinations should generally be preferred in cases where sonographic Table 2 . Sensitivity of radiological modalities to detect thyroid nodules.
Sensitivities of modalities for thyroid nodules (−: not used, + number proportional to the availability of the modality) Table 3 . Recommendations for scintigraphic evaluation in thyroid diseases.
Situations in which scintigraphy is advised
• If TSH is low or at the lower limit of normal in presence of nodule(s) • Iodine deficiency • To search for any ectopic mediastinal thyroid tissue • To decide upon the suitability of radioiodine treatment orientation is impossible such as giant nodular enlargement in the thyroid gland, extension into the mediastinum or local soft tissue invasion. Regardless of an extra criterion, the malignancy potential of a node in the centimetric level seen on tomography was described as 11%. CT can also demonstrate calcifications, irregular contour, invasion and associated lymphadenopathies better than US (Figure 1 ).
PET/CT is not preferred in the management of thyroid neoplasms, although it can be used as the primary evaluation in cases where the tumor is too undifferentiated to uptake radioiodine. PET/CT is usually involved in thyroid imaging when it demonstrates diffuse or focal uptake in thyroid in examinations done for another cause. While the diffuse involvement of parenchymal is (correlating with TSH and T3-T4 values) interpreted in favor of dysfunction, malignancy risk is up to 40% in focal uptake (Figure 2 ). The risk of malignancy increases especially in case of a SUV max value greater than 5.5. Combining the grey-scale, Doppler window and recently elastographic properties in sonography, these nodules are managed successfully with follow-up, biopsy or surgery [6] . Mediastinal extension can be evaluated with MRI and CT better than US. MRI has a better soft tissue resolution and it does not expose the patient to X-ray.
Non-contrast studies such as diffusion, dynamic contrast study and ASL can also be used when the characterization of the nodules is difficult with US (For example, in diffusion-weighted evaluations, it is likely that nodules with ADC limitation below 0.9 × 10 −3 mm 2 /s are malignant, especially papillary type thyroid carcinoma.
Ultrasonography
Ultrasonography has being used as primary imaging modality in the evaluation of thyroid nodules since its first use and its use has increased steadily. Examina- 5 ) [7] . New studies with CE-US and texture analysis are being done but their effectiveness is debatable.
What is important here is to describe in detail the features of the thyroid gland (volume, parenchyma structure, suspicion of a parenchymal disease, variant lobe extensions in gland contours), detection and assessment of nodules. The characterization of the nodules should be noted with careful and emphatic attention to detailing the dominant nodule properties (gray scale, Doppler, SWE characteristics), FNAB recommendation, and points to be considered during FNAB (nodule placement, probable neural-vascular proximity).
The detailed information regarding the parenchyma, nodule and lymph node status as assessed by the physician doing the sonography should be standardized according to a template and inform the reader clearly. The reason for the examination, technique, equipment, findings, conclusion and suggestions should definitely be included. What should be included in the thyroid nodule assessment form of the radiologist were summarized in Table 4 .
If needed, an example template can be used, emphasizing the dominant properties and possible visual information [8] .
Pathologies only should not be focused during examinations. Strap muscles in front, laterally carotid sheath containing vagus nerve, carotid artery and jugular vein, recurrent laryngeal nerve, sympathetic plexus nerves, phrenic nerve planes should be included especially in sectional anatomic images [9] . (Table 5) .
Although the differentiation of the nodular and pseudonodular reflections of diffuse parenchymal diseases is based on clinical and laboratory data, ultrasonography can be helpful, pseudonodules in Hashimoto's thyroiditis for example, are isoelastic with the gland. Nodules in patients with thyroiditis, especially subacute granulomatous thyroiditis, can have spiculated contours, hypo-avascular nature and do not exceed the capsule. The fact that these nodules regress in follow-up exams 1 -3 months later, shows that immediate use of the biopsy alternative may sometimes be incorrect [10] . General classification of thyroid nodules with cytohistopathological correlation was demonstrated in Table 5 .
When the features of a thyroid nodule does not resemble the characteristic and conventional-experienced textures of a benign or a malignant tumor; diseases like tuberculosis, sarcoidosis, amyloidosis, fibrosis or metastasis, as well as benign entities like ectopic thymus and ectopic parathyroid should be kept in mind.
Sometimes cystic thyroid nodules can spontaneously regress or take the collapsed or humidified appearance after aspiration, irrigation, RF ablation or spontaneous regression of hematoma and mimic malignant nodules in greyscale images. Elastography can be problem solving in these cases. Characteristically, with SWE and virtual touch imaging (VTI) mapping, these nodules are softer than expected in comparison to the surrounding tissues [11] .
Etiopathogenesis of thyroid nodules is not within the scope of this review, however, they occur as the overgrowth of the monoclonal cells. These cells can first have the adenoma stage and then transform to carcinoma and eventually to the undifferentiated and anaplastic forms, or they can progress directly to the anaplastic stages skipping the other steps [12] .
Generally, hyperplastic adenomatous or colloid nodules have smooth margins, thin peripheric rim and are iso-hyperechoic. They don't display central vascularization and sometimes moderate peripheral vascularization can be noted ( Figure 6 ).
Nodules having spongiform or honeycomb pattern, that are completely cystic or mostly cystic and the remaining being isohyperechogenic, displaying giraffe pattern, white knight pattern, multiple isohyperechoic nodules and cystic nodules containing small bright echoes are considered almost 100% benign. Al- Table 5 . General classification of thyroid nodules with cytohistopathological correlation.
• Benign hyperplastic colloid nodules • Adenomas (follicular more common, papillary less common)
• Malignant thyroid nodules (papillary more common, follicular less common; rarely undifferentiated and anaplastic types)
• Other tumors (lymphoma, sarcoma, metastasis) Table 7 . Risk categories that are given in complex form in the latest classifications, and that are gathered under essentially three main groups. • Central vascularization in a solid iso-hypoechoic nodule with a preserved halo • Extrathyroidal extension.
• Associated cervical lymphadenopathy Intermediate risk thyroid nodule
• None of the highly suspicious features • Iso-hyperechoic nodule with a peripheral vascularization and preserved halo.
• Peripheral well preserved egg-shell type rim calcification The risk of malignancy reaches 90% in the presence of these factors, whereas the risk is less than 1% for a simple thyroid cyst. As these change the management, we should categorize the risks as much as we can unless there appear studies and guidelines against it. SWE will continue being the problem solver not only with the risk categorization using the shear wave velocity (SWV) values, but with many other aspects, i.e. comparing the SWE color coded maps of the normal parenchyma and the lesions [21] Sometimes the stiffness of the nodule can be graded using the VTI maps and the risk of malignancy and a possible lymph node metastasis can be predicted [22] . SWE can sometimes present more useful and problem-solving data in the categorization of the thyroid nodules with nondiagnostic grey-scale US findings.
As one of the most promising components of SWE, more should be told about VTI. VTI maps are acquired during the SWE examinations using Acoustic Radiation Force Impulse (ARFI). ARFI is currently the newest imaging mode for detection of mechanical properties of tissue without external compression. ARFI technology includes virtual touch tissue imaging (VTI) and virtual touch tissue and image quantification (VTQ and VTIQ). Micro-displacement is generated in a tissue within the region of interest (ROI) when the commercially available ultrasound transducer launches short-duration (<100 s), high-intensity acoustic pulses to the tissue. The displacement of the tissue depends on its elasticity. The more elastic the tissue is, the more displacement it experiences [1] . The displacement of the tissue within the ROI induced by ARFI is detected and pre-sented as a grey-scale image which is called virtual touch tissue imaging (VTI).
The harder the tissue is, the darker the image is. The textures of the nodules are graded by using VTI (Table 8) . Even the color coded SWV maps and velocity values can be misleading, but VTI can be used more effectively in the future, especially in papillary and follicular microcarcinomas (Figure 8 ). VTI seems promising as a life saver for the radiologist in the solution of the indeterminate hyperechogenic spots developing in some nodules. In these situations bright foci on VTI which spill over the grey scale projection can be considered benign [23] .
This review has several limitations. Referencing main guidelines only, not emphasizing real-time tissue elastography (RTE) and the lack of SWV values in kPa are the most important of those. The reason for referencing the main guidelines with international validity is to simplify the classifications, to take recent versions into account and not to confuse the reader by mentioning all guidelines.
SWE is emphasized in the review instead of RTE because it is more quantitative and operator independent and we wouldn't intend to lead the reader about a method that we don't routinely use in our unit. However there are plenty of valuable studies on RTE and willing readers can research the literature [24] [25]
[26] [27] .
Several factors that should be keep in mind during SWE examinations were summarized in Table 9 . On the other hand we didn't mention CE-US at all because it is used more in the follow-up of RF ablated areas and not preferred for the evaluation of thyroid nodules. Thus it is not mentioned in this review [28] [29] .
Actually because the speed of the shear waves in the tissue is measured and systems measuring in m/s are being used in our facilities since 2012, this unit is preferred intentionally. However m/s versus kPa measurements are convertible to each other and suitable for use in both ways [30] .
Postoperative management and imaging, FNAB and molecular tests are not emphasized, as they are not in the scope of this review. However a little note should be made here; to avoid complications, parenchymal residues near supe- Some practical aspects should be paid attention while performing FNAB.
First, one should know that FNAB is not the gold standard and it should be noted that in experienced hands, • 10% of the biopsy specimens are insufficient.
• Near 2% false negative (this ratio increases as the size gets close to 4 cm) results are obtained. One of the aims of SWE and VTI-ARFI is to prevent missing these lesions.
• Some studies report discordance between FNAB results and surgical specimens in up to 15% of the cases.
In this case, the best alternative other than repeated FNAB is molecular tests, which is projected to be used routinely in the future [12] [32] [33] [34] .
Lastly one of the most important limitations of the review is the fact that cervical lymph node evaluation has not been fully elucidated not to deflect from the main topic. However cervical lymph nodes should be evaluated with accepted size and morphological criteria, especially in level 2a, 3, 4, 5b and 6 stations and in patients with malignant FNAB results. Sampling of these lymph nodes pre or intraoperatively using FNAB and cytology or specimen TG wash-out, the diagnosis of metastasis can be made [2] [35] [36] .
FNAB findings are evaluated and interpreted by cytopathologists using a standardized and widely used system (Bethesda classification system.) In this system lesions are classified as nondiagnostic, benign, indeterminate (atypia or follicular lesion of undetermined significance), follicular neoplasm/SFN, suspicious for malignancy and malignant. The next step of the management should be planned according to the FNAB result ( Figure 9) [37] [38] . Although it is not in the scope of this review, a few words need to be said upon the molecular tests, since our colored algorithm mentions them. More detailed subgroups or risk categorization can be done using molecular tests on FNAB specimens. With these tests BRAF and RAS mutations are detected in 40% of PTC cases and PAX8-PPARG translocation in 60% of FTC cases. The frequency of RET mutation in familial cases of MTC may reach 95%. TP53 is seen in half of anaplastic type thyroid cancer cases [33] .
These tests are different from the immunocytochemical tests which are used when the cytopathological investigations are not diagnostic especially when tumors of nonfollicular cell origin are considered (medullary thyroid carcinoma, lymphoma, metastasis or pathology of parathyroidal origin). Molecular testing studies have especially been commenced in follicular lesions (5% -6% false negativity in FNAB in this indeterminate group warranted evaluation with another test) and these molecular tests will not intend to skip the cytopathological findings, but rather assist them as elastography assists ultrasound.
Herein, reaching the ends of the review, another point to be emphasized at this point is that the approach to papillary microcarcinomas has also been updated. Last guidelines have had improvements on the subject. FNAB is not recommended in nodules smaller than 5 mm anyway. However FNAB is not recommended in nodules between 5 and 10 mm if they are not TIRADS 4b or 5, located supcapsularly, located superolaterally with elevated calcitonin levels, the case younger than 40 years, there is no evidence of multifocality or associated lypmhadenopathy, they do not exhibit pathological FDG uptake, and if the SWE velocity values and VTI grades are not pathological. The interesting points in the latest guidelines and literature is that the cases with papillary thyroid microcarcinoma which don't have these properties, which don't have a risky localization (subcapsular, paratracheal) and which don't have associated lymphadenopathy Figure 9 . Knowing this table that summarizes the management of the FNAB results after all the risk classifications and TIRADS categorization, would prevent both adverse health consequences for the patient and the medicolegal problems the doctor-facility might face.
should be kept in a process active surveillance (US control in 6 -12 month periods) [39] [40] . So, risky nodules should be differentiated considering the parameters determined by large radiological and endocrinological societies that we mentioned and not getting confused by the deceptive radiological findings.
A little word is necessary on the texture analysis which is another of the blessings of technology and which has started to penetrate the radiological examinations. Texture analyses with various programs are beginning to produce standardized-automated and repeatable information about the nodule-parenchymal background structure. However these analyses have not been able to get in to the routine practice and recent guidelines and they need comprehensive trials to prove their effectiveness [41] [42] . Little but significant differences exist on the management of thyroid nodules in pregnancy and children, although they have not been subject to complex algorithms.
Thyroid nodules in pregnancy [13] [43]:
• Diagnostic criteria are the same as nonpregnant adults.
• Medical and radioiodine treatments cannot be used during pregnancy.
• Rebiopsies of the indeterminate cases can be planned during pregnancy.
• The treatment of nonaggressive malignant nodules with no lymph node involvement can be postponed until the birth.
• Thyroid nodules in children [44] [45]:
• Evaluation is the same as adults.
• Cold and hot nodules can both be malignant in this age group.
• Unless purely cystic, 25% of the nodules are malignant even if they are hot. • In multinodular lesions usually 2 (maximum 3) nodules should be targeted for FNAB. More than 2 nodule biopsied is not preferred. Hypo or isoactive dominant nodules in scintigraphy are targeted.
Summary of the Evaluation of Thyroid Nodules
• Tg wash-out is studied sampling the lymph node together with the nodule in case of suspicious lymph nodes, especially in the central and lateral compartments. As a rule, stiff and vascularized solid components of the nodules are targeted.
• CT and MRI demonstrate local invasion, mediastinal extension and distant metastases. All nodules uptaking FDG in PET/CT should be further evaluated with biopsy.
Summarizing all the content of this review in conjunction with current references, an objective TIRADS categorization of the nodule as shown in Table 9 and an approach such as Figure 9 will provide algorithm-dependent evaluation in the presence of all the problems encountered.
Conclusion
In order to increase the quality of the thyroid nodule examination and help the patients and clinicians as much as possible, 18 mHz transducers should be used in grey scale imaging; Doppler findings should be included; SWE and VTI should be used instead of RTE; extrathyroidal spread and cervical lymphadenopathies should always be assessed and in certain cases CT and MRI should be benefited from. One last word would be about updating oneself without abandoning the routine practice and experiences as Alvin Toffler said in 1990, "The illiterate of the 21st century will not be those who cannot read and write, but those who cannot learn, unlearn, and relearn".
